Background--Turner syndrome (TS) is the most common sex chromosome abnormality in women and is associated with increased morbidity and mortality. We describe long-term outcomes in a large cohort of patients with TS.
T urner syndrome (TS) is a sex chromosome disorder characterized by partial or complete loss of an X chromosome. It is the most common sex chromosome abnormality in women, 1 with a prevalence of %1 in 2000 live births. 2 The syndrome was initially described separately by Dr Otto Ullrich in 1930, 3 and by Dr Henry Turner in 1938. 4 Since the initial description more than 8 decades ago, studies have reported comorbidities such as congenital heart disease, aortic disease, renal and genitourinary anomalies, and autoimmune disease in patients with TS. 1, 2, [5] [6] [7] Available data suggest reduced survival in patients with TS, but some of the data are based on studies with limited follow-up. 1, 2 We present a 68-year single-center retrospective review of children and adults with TS, investigating overall mortality and long-term outcomes.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request. This is a retrospective study of patients with TS followed at Mayo Clinic Rochester from January 1, 1950, to December 31, 2017. Medical records were reviewed, and all patients with a diagnosis of Turner syndrome contained in the diagnosis list were identified. Patients with TS and a prior echocardiogram were enrolled in the study. The Mayo Clinic Institutional Review Board approved this study and waived informed consent for patients who provided research authorization. Hard copies of medical records and electronic health records were reviewed by 2 of the investigators (C.A. and M.F). Clinical, imaging, surgical, and genetic data were collected and analyzed. The status of each patient (alive or dead) as of December 2017 was verified using the electronic health records and the Social Security Death Index.
Categorical variables were reported as percentages, and continuous variables were reported as meanAEstandard deviation or median (interquartile range) for skewed data. We selected a reference group (reference group A) of Olmsted County residents. The study cohort and the reference group were matched 1:1 by year of birth and sex. To validate the sampling used for the reference group, 2 additional reference groups (reference groups B and C) were also selected from Olmsted County residents. Similar to reference group A, reference groups B and C were matched 1:1 to the cases by year of birth and sex. Survival was assessed using the KaplanMeier method and compared between study cohort and reference groups using a log-rank test. The time of first encounter at the Mayo Clinic was used as "time zero" or the beginning of the "at-risk" period for the study participants and their respective matched subjects from the reference group. We performed all statistical analyses with JMP software (version 13.0; SAS Institute Inc, Cary, NC), and P<0.05 was considered statistically significant.
Results

Baseline Characteristics
A total of 317 patients with TS were seen at the Mayo Clinic Rochester from 1950 to 2017. The average age at the time of diagnosis of TS was 9 (range, 2-21) years, and diagnosis was based on genetic testing in 202 (64%) and physical examination in 115 (36%) patients. Of the 202 patients with genetic testing, 75 (37%) had a pure monosomy X, 101 (50%) had mosaic TS, and 26 (13%) had a more complex chromosome anomaly with chromosome X loss. Y chromosome material was present in 30 (15%) patients. The age at first encounter at the Mayo Clinic was 22AE18 years, and 57 (18%) patients presented in the early era (January 1950 to December 1980) while 260 (82%) patients presented in the late era (January 1981 to December 2017). Congenital heart disease was present in 131 (41%), and the most common congenital heart disease diagnoses were bicuspid aortic valve (n=102, 32%) and coarctation of the aorta (n=43, 14%). Table 1 shows the baseline clinical data of the cohort. Table 2 shows echocardiographic data of the cohort. The mean aortic root dimension was 28AE6 mm, mean aortic size index of the aortic root was 2.0AE0.6 cm/m 2 , and 44 (14%) patients had an aortic root Turner-specific Z score >2. The mean mid-ascending aorta dimension was 28AE8 mm, mean aortic size index of the mid-ascending aorta was 1.9AE0.6 cm/m 2 , and 59 (19%) patients had a mid-ascending 
Clinical Perspective
What Is New?
• In a large cohort with long follow up, Turner syndrome patients have reduced survival compared with age-and sexmatched controls.
• Cardiovascular diseases are a major cause of death in Turner syndrome.
What Are the Clinical Implications?
• Turner syndrome patients are at elevated risk of a cardiovascular event, and close attention should be paid in this population to primary and secondary prevention of cardiovascular disease.
aorta Turner-specific Z score >2. There were 36 patients (11%) with cross-sectional imaging (cardiac computed tomography scan or cardiac magnetic resonance imaging scan) performed within 12 months from the time of echocardiogram. There was a modest correlation between the dimensions obtain by echocardiography and cross-sectional imaging for aortic root (r=0.73, P=0.002) and mid-ascending aorta (r=0.79; P<0.001).
Mortality and Cardiovascular Events
There were 46 (14%) deaths, and the mean age at the time of death was 53AE17 years. The causes of death were cardiac (n=10, 22%), malignancy (n=5, 11%), gastrointestinal bleeding (n=4, 9%; ages 41, 47, 53, and 62 years), cirrhosis (n=2, 4%; ages 49 and 71 years), end-stage renal failure (n=1, 2%; age 49 years), and unknown (n=24, 52%). The 10 cardiac deaths were attributable to postoperative death after cardiovascular surgery (n=5; ages 17, 31, 37, 42, and 70 years), end-stage heart failure (n=2; ages 63 and 72 years), tamponade after diagnostic coronary angiogram (n=1; age 63 years), aortic dissection at an outside hospital (n=1; age 72 years), and sudden cardiac death (n=1; age 33 years). Deaths after cardiovascular surgery included a 17-year-old undergoing third sternotomy for pulmonary valve replacement, a 31-yearold with suspected spontaneous coronary artery dissection and attempted coronary artery bypass grafting, a 37-year-old undergoing aortic arch and subclavian artery repair, a 42-yearold with subacute ascending aortic dissection undergoing aortic root replacement, and a 70-year-old presenting for aortic valve replacement and coronary artery bypass grafting. There were 4 cases of type A dissection, with an average age of 50 years. Three of the patients underwent emergent surgery at the Mayo Clinic, and 2 of these 3 patients survived to hospital dismissal. The maximum aortic dimension at the time of dissection ranged from 47 to 66 mm. The fourth case of type A dissection occurred at another hospital, and the patient died during the hospitalization. There were 2 cases of type B dissection, average age 30 years, and both patients had successful delayed surgical repair at the Mayo Clinic. The 5 deaths attributable to malignancy resulted from lung cancer in 2 patients (ages 77 and 56 years), mesothelioma in 1 patient (age 57 years), leukemia in 1 patient (age 40 years), and osteosarcoma in 1 patient (age 52 years).
The 317 patients were followed for 11 (2-26) years, yielding a total of 3898 patient-years of follow-up. Patients with TS had significantly lower survival compared with reference group A of year of birth-and sex-matched Olmsted County residents (82% versus 94%; P<0.001 at 30 years; Figure 1 ). The 30-year survival in reference groups B and C was 94% and 95%, respectively, and did not differ from 94% survival in reference group A (P=0.314).
There was no difference in survival between patients with TS with and without congenital heart disease, patients whose diagnosis was made by genetic testing versus physical examination, and patients with or without bicuspid aortic valve (Figure 2) . Similarly, there was no survival difference in patients who presented in the early era versus late era, or in patients with monosomy versus other genetic mutations (data not shown).
Discussion
Our study demonstrates that patients with TS have 3-fold increased mortality over age-matched controls, which is similar to previously published cohort studies. 1,2,5 While reduced survival has been reported in patients with 45,X monosomy, 1,2 in our study there was no survival reduction in this group. This may be related to the number of patients with genetic testing available for analysis. Alternately, it may represent greater recognition of anticipated sequelae and thereby improving care of this patient population. Cardiovascular disease, both congenital and acquired, is common in TS, 6 and has been recognized as a principle cause of increased morbidity and mortality in this population. 1,2 Patients in our study had many risk factors for acquired heart disease, including hypertension, hyperlipidemia, diabetes mellitus, and body mass index >25 in 50%. Of the 10 confirmed cardiac deaths, at least 4 can be attributed to acquired heart disease. Congenital heart disease was present in close to half of the cohort, with bicuspid aortic valve and coarctation of the aorta the most frequently observed anomalies. The reported prevalence of congenital heart disease in TS varies on the basis of spectrum of disease studied and type of investigation employed and has been estimated at 22% to 70%. 8 Similar to prior studies, bicuspid aortic valve, coarctation of the aorta, anomalous pulmonary venous drainage, and persistent left superior vena cava were the most common congenital heart diseases noted in our cohort. 8, 9 As with acquired heart disease, congenital heart disease has been associated with increased mortality. 1 Despite its prevalence in our cohort, patients with congenital heart disease did not have higher mortality than those without congenital heart disease. This may represent improving care of our patients with adult congenital heart disease, such that many life-threatening conditions are able to be anticipated and addressed before they result in mortality. Aortic dissection remains a serious concern in patients with TS, largely due to the young age and small aortic dimension at which it occurs. 10 Incidence of dissection in our cohort was 1.9%, with average age of 40 years at the time of dissection. A Danish registry study estimated a similar overall incidence of 1.4%, with a median age of 35 years compared with 77 years in the general population. 11 Studies of mortality in these patients have demonstrated that, of all disorders of the circulatory system, aortic dissection is the most morbid, with a standardized mortality ratio of 23.6. 1 Prior literature review of 88 cases found a mortality rate from aortic dissection of 58%. 12 Thus, while the absolute number of cases of aortic dissection in TS is small, this complication tends to occur at a much younger age compared with the general population. Dissections can occur in any portion of the aorta, though ascending aortic dissection is most common and carries the highest risk of death. 9 Additionally, because dissection of the ascending aorta in TS has been noted to occur at smaller aortic dimensions than otherwise expected in the general population, aortic size index (aortic dimension indexed to body surface area) has been suggested as a method to identify patients with pathologic aortic dilation. 13 An aortic size index of 2 cm/m 2 represents the 95th percentile for healthy female control subjects, while an aortic size index of 2.5 cm/m 2 correlates with highest risk of aortic dissection. 13 In our study, the average aortic size index of the aortic root was 2 cm/m 2 , emphasizing the prevalence of aortic dilation in this population. More recently, Turnerspecific Z scores have also been devised, allowing for further risk stratification. 14 These Z scores are preferred for the assessment of aortic dissection risk in children under the age of 15, where a healthy girl with TS and no aortic pathology may have an aortic size index >2.5 cm/m 2 . 10, 15 The authors have also had some experience using Turner-specific Z score to assess the risk of an adult with extremely short stature. The etiology of aortic dissection in TS is likely multifactorial, related to structural and hemodynamic factors as well as inherent abnormalities of the aortic tissue. Most patients with TS with aortic dissection have comorbid conditions that are established risk factors for dissection. A literature review of patients with TS with aortic dissection revealed that 89% of cases occurred in patients with hypertension, congenital heart disease (primarily bicuspid aortic valve and/or coarctation of the aorta), or both conditions. 12 There are, however, a small number of patients with TS who have aortic dissection without an identifiable cause, and TS itself has been identified as an independent risk factor for aortic dilation and dissection. 16 A study of vascular function in adults with TS demonstrates a generalized arteriopathy with greater intima media thickness and enlargement of conduit arteries over controls. 17 Estrogen deficiency may play a role in arteriopathy, with increased intima media thickness also noted in 46,XX women with primary amenorrhea; however, arterial enlargement appears unique to patients with TS. 17 Magnetic resonance imaging in TS supports these findings, with statistically significant associations between TS and enlargement of the aortic branch vessels. 18 Notably, vasculopathy has also been appreciated in children with TS, 19 before estrogen deficiency or adult comorbidities would be expected. Thus, while the molecular signaling pathways for arteriopathy in TS are not well understood, these patients appear to have both inherent and acquired risk factors for aortic dissection. After cardiovascular events, liver disease was the secondleading cause of death in our population, with 4 deaths from gastrointestinal bleeding and 2 deaths from cirrhosis, at an average age of 54 years. Hepatic disease in TS most commonly manifests as an asymptomatic rise in liver function tests, and prevalence increases with age. 10 While in many cases liver injury does not progress to cirrhosis, there is a 6-fold increased risk of cirrhosis in patients with TS compared with the general population. 10 The pathophysiology of liver disease in this population is variable, though nonalcoholic fatty liver disease is felt to play an important role. 20 This is likely driven in part by coincident central obesity and metabolic syndrome, which also occur more frequently in the TS population. 21 Additionally, there is some evidence that congenital vascular abnormalities result in liver dysfunction, with correlations noted between patients with aortic coarctation and cerebral aneurysm and those with severe microvascular liver disease. 22 Because of increased risk of severe liver disease in this population, it is recommended that patients with TS follow healthy eating patterns, avoid elevated body mass index, and have annual liver function testing to screen for asymptomatic disease. 10 Malignancy was the third-leading cause of death in our study. Overall risk of malignancy in TS is felt to be slightly higher than in the general population, with standardized incidence ratio up to 1.34 for solid tumors. 23 Multiple studies have demonstrated increased prevalence of central nervous system tumors and melanoma, as well as decreased prevalence of breast cancer attributable to reduced estrogen exposure. 23, 24 Of the 5 patients in our study dying of malignancy, none of them had a cancer demonstrated to occur at higher rates in the TS population. 24 It is our conclusion that these deaths were likely incidental, rather than TS related. The risk of gonadoblastoma in patients with Y chromosome material has been reported with varying prevalence, and the true risk to patients is uncertain. 24, 25 There were 30 patients in our study who had Y chromosome material present, and no episodes of gonadoblastoma were identified. Nevertheless, recommendations are to perform gonadectomy for individuals with Y chromosome fragments. 10 
Limitations
This is a single-center retrospective study, and as a result it is subject to the inherent bias associated with this type of study design. Cause of death was not available for all patients, limiting conclusions regarding mode of death in the population. The presence of congenital heart disease was determined by echocardiographic imaging and surgical findings, and it is possible that mild congenital heart disease may have been missed by screening transthoracic echocardiogram. Echocardiographic measurements of aortic size were collected from reports, though images were reviewed and measurements verified where possible. The prevalence of coronary artery disease is likely underestimated, as routine assessment of coronary artery disease was not performed.
Conclusions
Patients with TS have multiorgan involvement resulting in multiple medical comorbidities. The overall survival is reduced in this population, and cardiovascular disease is the leading cause of mortality. The current study provides important outcomes data, albeit retrospective data, to guide counseling of patients with TS. Further studies are required to determine if targeted cardiovascular risk factor modification will result in improved survival in this population.
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